Previously we documented the transposition of an intracistergration include: promoter insertion, 4,5 enhancer insertion, 6,7 nal A particle (IAP) provirus to the interleukin 3 (IL-3) locus inactivation of a gene, 8, 9 and disruption of a mRNA stability which resulted in autocrine transformation. In the present region. ian virus 40 core enhancer sequence (Enh1), a transcriptional
By the interaction of specific proteins to these and other reguIntroduction latory sequences contained within the LTRs, IAP expression can be controlled by alterations in methylation status, oncoReplication-competent retroviral genomes contain gag, pol gene expression and hormonal modulations. 14,24-26 IAP gene and env coding sequences which encode the functional proexpression and particle formation have been most often docuteins that are required for viral replication.
1 A long terminal mented in actively dividing cells, such as, preimplantation repeat (LTR) flanks the coding sequences at both the 5′ and embryos, immature thymocytes, or in tumor cells. 14 IAP 3′ ends of the retroviral provirus. Retroviruses which induce expression has been less frequently observed in normal mouse tumors are called oncogenic or transforming retroviruses.
tissues. Organs and cells which express low levels of IAPs Acute oncogenic retroviruses, which contain an oncogene, include: spleen, muscle, pancreas, ovary, thymus, placenta, cause cancer after a short period of time post-infection of a macrophage and fibroblast cells. 14, 27 IAP expression is under susceptible host, ranging from one to a few months. Chronic genetic control in non-neoplastic cells. This results in differoncogenic retroviruses do not normally encode oncogenes, ences in the amount of IAP RNAs detected in certain cells as and a malignancy only occurs many months or years postwell as the proportion of genomic and subgenomic mRNA infection. Chronic oncogenic retroviruses can cause cancer transcripts. [27] [28] [29] via proviral insertional activation of flanking cellular genes.
2,3
Murine plasmacytoma cells (B plasma immunoglobulinThe novel insertion of the viral sequences into host cell DNAs secreting tumor cells) generally express higher levels of IAP can have profound effects on the regulation of the adjacent mRNA transcripts than normal activated B or T lymphocytes. 30, 31 cell line were maintained in DMEM supplemented with clariInfection by HTLV-I normally results in a slow onset of clinical fied 20% supernatant prepared from the WEHI-3B cell line disease which manifests itself after a long latency period rang-(WEHI conditioned medium, WCM) which served as a source ing from 20 to 30 years.
32,33 HTLV-I infection usually targets of IL-3. CD4
+ T cells and is capable of transforming these cells.
30,31
The viral protein product p40tax has been shown to immortalize T cells 34, 35 and transform rat fibroblasts. 36, 37 This protein
Genetic modifications of the germline IL-3 gene by is essential for the transforming effects induced by HTLV-I adding enhancers infection. Tax exerts its effects by transactivation of both viral [38] [39] [40] [41] and cellular genes, including cytokines (IL-2) and The germline IL-3 gene (gIL3) was subcloned into the cytokine receptor (IL-2 receptor) genes.
42-45 HTLV-II was origpSV2neo expression vector as described ( Figure 1 ). 61 To faciliinally isolated from patients with hairy cell leukemia. 46, 47 tate further manipulations, a 5′ end unique EcoRI site was cre-HTLV-II is closely related to HTLV-I, and also encodes a tax ated which resulted in p5′EcoRI-gIL3. 62 Subsequent manipugene. [48] [49] [50] Although HTLV-II has been shown to associate with lations were performed on the p5′EcoRI-gIL3 construct. The a variety of lymphoproliferative disorders, there is no evidence lymphocyte-specific (LS) IAP-LTR, 13 and the Moloney murine indicating a direct contribution of HTLV-II in lymphoproliferleukemia virus (MoMuLV)-LTR 63 sequences were inserted at ative malignancies. [51] [52] [53] [54] Moreover, the function of the Tax the 5′ end of IL-3 gene by using the unique EcoRI site of protein in HTLV-II is different from that in HTLV-I. 26 which were provided by Dr KK Lueders etiologic agent of acquired immunodeficiency syndrome (NIH, Bethesda, MD, USA), were cleaved from (AIDS). 56, 57 However, HIV infection can also lead to certain pLTR(PC45)CAT or pLTR(PC17)CAT 26 by HindIII digestion neoplasia including non-Hodgkin's lymphoma, Kaposi's sarand inserted into the blunted EcoRI site in p5′EcoRI-gIL3 veccoma and cervical carcinoma. 58 Like other retroviruses, the tor after filling in the HindIII ends ( Figure 1 ). Human T lymintegrated HIV provirus also contains flanking LTR sequences.
photropic virus-LTRs (HTLV-I, HTLV-II), human immunodefiWith the increasing development of beneficial AIDS treatciency virus (HIV)-LTR, 64 were provided by Dr K Shimotohno ments and the prolonged survival of AIDS patients, the long-(National Cancer Institute of Japan, Tokyo, Japan), which were term tumorigenic effects associated with HIV infection will cut out of pHTLV-I-CAT, pHTLV-II-CAT or pHIVLTR-luciferase become a more and more important health care issue.
by HindIII and inserted into the p5′EcoRI-gIL3 plasmid as In present study, the effects of cis-acting elements contained described for PC-IAP-LTRs (Figure 1 ). The TCR␦ enhancer 65 in different retroviral LTRs on IL-3 gene expression and cell was provided by Dr MS Krangel (Duke University, Durham, transformation were investigated in order to understand how NC, USA). The enhancer sequence was released by EcoRI and proviral transpositions and insertional mutagenesis can affect BamHI digestion from pBluescript KS + vector, which was then the expression of cytokine genes and result in autocrine transblunt-ended and inserted into p5′EcoRI-gIL3 blunted EcoRI formation of hematopoietic cells. In this study, the effects of site (Figure 1 ). All the LTRs and TCR␦ enhancer DNA sequences were inserted in both 5′→3′ and 3′→5′ orienthese different retroviral LTRs on the expression of a given tations. Plasmids containing positive constructs were verified gene (IL-3) on the cytokine dependency and tumorigenicity by restriction endonuclease digestions. of a single hematopoietic cell line have been unequivocally compared. LTRs isolated from IAPs which are expressed in normal lymphocytes were weak in stimulating sufficient IL-3 expression to result in autocrine transformation. This suggests Electroporation and isolation of stable transfectants that insertional mutagenesis promoted by these IAPs is associated with additional events. In contrast, LTRs from IAPs Cell electroporation and stable transfectant isolation were perwhich are expressed at high levels in tumor cells were better formed as described previously. 62, 66 Following electroporable to stimulate sufficient IL-3 expression to result in ation, the cells were plated in 100-mm culture dishes containautocrine transformation. This was also the case with the ing DMEM + 20% CS + IL-3 for 2 days to allow the transfected MoMuLV-LTR and TCR␦ enhancer, as they effectively induced DNAs to become stably incorporated into the chromosomes. autocrine transformation when ligated to the murine IL-3
Then the cells were transferred into 96-well microtiter plates gene. In contrast, the HTLV and HIV LTRs did not stimulate with normal DMEM media containing the antibiotic G418 (2 sufficient IL-3 expression to induce autocrine transformation. mg/ml, Geneticin; Sigma, St Louis, MO, USA), or under the Thus there are distinct differences in these LTRs to promote same conditions but supplemented with IL-3. The plates were cytokine gene expression and in some cases malignant transsubsequently fed every 3 days with fresh media containing formation of hematopoietic cells.
G418. After 2 weeks in culture, the number of wells containing G418-resistant cells were enumerated.
Figure 1
Structure of the modified IL-3 gene constructs and their abilities to abrogate the factor dependency of IL-3-dependent cells. The unique EcoRI site at the 3′ end of gIL3 gene was destroyed by a fill-in reaction and a unique EcoRI site was created by insertion of a linker to facilitate the construction of the modified gIL3 gene constructs. LS-IAP-LTR, PCI-IAP-LTR, PCII-IAP-LTR, TCR␦ enhancer, HIV-LTR, HTLV-I-LTR, HTLV-II-LTR, and MoMuLV-LTR were inserted 1.5 kb 5′ of IL-3 transcription initiation site. All the enhancer elements were inserted in both 5→3′ and 3′→5′ orientations. E, EcoRI; B, BamHI; H, HindIII. The bars around a restriction site indicated that the site was destroyed. DMEM + G418 indicated that the cells were plated in 2 mg/ml G418 with the absence of exogenous IL-3. IL-3 + G418 indicated that the cells were plated in 2 mg/ml G418 with the presence of exogenous IL-3. The fractions refer to number of wells positive for growth over total number of wells examined. Since there were no significant difference in transforming efficiency whether the enhancers were inserted in either 5′→3′ or 3′→5′ orientation, the results for the same enhancer in both orientations were combined. Division of number of wells by 96 equals the number of times the transfection with a particular DNA was performed. DMEM/IL-3 in last column indicated the percentage of growth in the absence vs the presence of IL-3.
DNA preparation and Southern blot analysis RNA isolation and northern blot analysis Total cellular RNAs were isolated by lysis in TRIzol reagent High molecular weight genomic DNAs were isolated from the (Gibco/BRL) as described. 66 Twenty micrograms RNAs were cell lines as described earlier. 60, 62 Ten micrograms of DNA denatured with formaldehyde/formamide and electrophoresed was digested with restriction endonucleases (Gibco/BRL, Gaiin 1.2% agarose gels containing formaldehyde. RNAs were thersburg, MD, USA). The digested DNAs were electrophortransferred to Hybond-N membranes. Hybridization was peresed through 0.8% agarose gels, transferred to Hybond-N formed with radiolabeled probes as described. 66, 67 membranes (Amersham, Arlington Heights, IL, USA) and then hybridized with radiolabeled probes as described. 60, 62, 66, 67 Ribonuclease protection assay
The RNA probes were synthesized by using the T7/T3 MAXIscript kit (Ambion, Austin, TX, USA). An antisense RNA probe
Limiting dilution assay specific for IL-3 was synthesized by T7 polymerase after linearizing the IL-3 pGEM vector with HindIII, which gave a 364 nucleotide protected probe. An RNA probe for ␤-actin was The cloning efficiencies of the cells were measured by plating the cells at different concentrations in 96-well microtiter prepared by the same method and gave a 250 nucleotide protected fragment. The ribonuclease protection assay was perplates containing either DMEM or DMEM + IL-3 media. The plates were fed every 3 days with fresh media. Microtiter wells formed as described, 68 by using RPA II ribonuclease protection assay kit (Ambion). The samples were electrophoresed on negative for growth were determined after 2 weeks of culture. The cloning frequencies of the cells were estimated based on a 5% polyacrylamide (acrylamide/bisacrylamide ratio 37.5:1)/8 m urea gel. The protected fragments were detected the Poisson distribution. Some factor-independent subclones were isolated and further characterized.
by autoradiography and quantified by densitometric scanning.
Nuclear run-on transcription assays
The HTLV-LTR-CAT constructs were provided by Dr K Shimotohno. 64 The TCR␣-CAT construct was provided by Dr JM Leiden (University of Chicago, Chicago, IL, USA). 74 Nuclei isolation, in vitro transcription reaction and hybridization were performed as described previously. 13, 62 IL-3 transcription levels were quantified by PhosphorImager scanning (Molecular Dynamics, Sunnyvale, CA, USA). The signal intenTumorigenicity assays sities were normalized to genomic DNA controls.
1 × 10 6 cells were injected s.c. in the subgastric region of BALB/c nude mice and tumor growth was observed as described. 62, 66 At the appearance of a tumor 1-cm in diameter,
Nucleic acid probes the mice were sacrificed. In some cases, cells were recovered from the tumors and grown in medium containing G418. The IL-3-specific probe 69 was provided by Dr I Young (Australian National University, Canberra, Australia). The murine macrophage growth factor-specific probe (MGF) 70 was provided by Dr S Lyman (Immunex, Seattle, WA, USA). The cResults myc-specific probe 71 was provided by Dr MD Cole (Princeton University, Princeton, NJ, USA).
Different abilities of enhancer modified IL-3 genes to transform factor-dependent cells Different retroviral LTRs were inserted 5′ of the gIL3 gene to Proliferation assays compare the abilities of endogenous as well as exogenous retroviral enhancers to induce autocrine transformation of The levels of IL-3 secretion by the different transfected cells were assayed on the IL-3/GM-CSF-dependent FDC-P1 cells as hematopoietic cells (Figure 1 ). All of these enhancers induce malignant transformation under certain circumstances, albeit described previously. 62 In the MoAb neutralization experiments, supernatants were incubated with neutralizing ␣IL-3 or at varying frequencies and by different mechanisms. The hematopoietic FL5.12 IL-3-dependent cell line is a good ␣GM-CSF MoAb for 1 h at 37°C prior to the addition of FDC-P1 cells. Neutralizing monoclonal antibodies to murine IL-3 recipient to measure the oncological effects of these enhancers since it is absolutely dependent upon IL-3 for and GM-CSF were purchased from Genzyme (Boston, MA, USA).
growth in vitro and it does not form tumors upon injection into immunocompromised mice. 13, 59, 61, 62, 66 The murine IAP-
LTRs (LS-IAP-LTR, PCI-IAP-LTR, and PCII-IAP-LTR), the MoMuLV-LTR, and the human HTLV-I, HTLV-II, HIV retroviral

Chloramphenicol acetyltransferase assay (CAT)
LTRs were all inserted approximately 1.5 kb upstream of the transcription start site of the germline IL-3 gene ( Figure 1 ). As Plasmids containing CAT reporter genes were transiently transfected into FL5.12 cells by electroporation. 1 × 10 7 cells a control, the TCR␦ enhancer was also inserted in the gIL3 gene construct. The TCR␦ enhancer is a cellular enhancer at logarithmic stage were washed and electroporated with supercoiled plasmid DNA containing 20 g CAT construct which has similar transcription factor binding sites as the MoMuLV-LTR, 75 and is translocated in certain T cell leukeand 4 g CMV ␤-galactosidase plasmid (Clontech Laboratories, Palo Alto, CA, USA) at 250 V, 960 FD. The cells were mias. [76] [77] [78] These modified IL-3 constructs allow comparison of the effects of different LTRs inserted into a single site on the collected by centrifugation 48 h after electroporation and washed twice with ice cold PBS, which were then resusinduction of cytokine-independence and leukemia. The modified gIL3 constructs were transfected into IL-3-pended in 300 l of 250 mm Tris (pH 7.8) and subjected to three cycles of freeze (ethanol/dry ice, 10 min)/thaw (37°C, dependent FL5.12 cells. Stable transfectants were isolated after selection in G418 in the presence or absence of exogen-10 min) treatment. The cell debris was pelleted by centrifugation at 12 000 g for 5 min. The supernatants were collected ous IL-3. The drug selection conditions were sufficient for the isolation of stably transfected cells, as no G418 r cultures were and heated at 65°C for 10 min to inactivate the deacetylases. The CAT assay reaction was performed following previously observed in mock-transfected cells (Figure 1 ). Furthermore, inheritance of the empty vector (pSV2neo) did not transform described procedure.
72 One hundred microliter cell extract was incubated in a reaction mixture containing 1.6 mm chlorthe cells to growth factor independence. The data is presented as the number of G418 r wells growing in the presence or amphenicol (Sigma, St Louis, MO, USA), 150 mm Tris (pH 7.8), 100 m acetyl CoA (Sigma) and 0.1 Ci [ 14 C]-acetyl CoA absence of exogenous IL-3 over the total number of wells examined. This data has been further compared as the ratios (NEN, Boston, MA, USA) in a 200 l total volume. The incubation was carried out at 37°C for 2 h. After the incubation, of wells growing in the absence of exogenous IL-3 vs the number of wells recovered when IL-3 was added (G418 was 350 l cold ethyl acetate (Fisher, Raleigh, NC, USA) was added to the reaction mixture, and mixed by vigorous vorpresent in both conditions). The inheritance of transfected genes was verified by Southern blot analysis and the individtexing. The layers were separated by centrifugation at 12 000 g for 5 min. Three hundred microliters of the top aqueous ual clones usually contained one to two copies of transgenes (see Figure 9 below). phase was removed and counted on a Beckman LS 7000 (Sunnydale, CA, USA) scintillation counter. The analysis for As controls, FL5.12 cells were also transfected with the gIL3 and gIL3 + LS-IAP-LTR transgenes. Previous studies have each construct was performed three times. The results were normalized by the ␤-galactosidase activity. The ␤-galactoshown that these constructs did not efficiently abrogate the cytokine dependency of FL5.12 cells. 62, 66 Essentially no sidase assay was performed as described. 73 The ␤-galactosidase activity was measured by reading the optical density at growth factor-independent cells were isolated after transfection with the gIL3 gene (less than 1%), indicating that the 420 nm on a spectrophotometer. The LS-IAP-LTR-CAT, PC-IAP-LTR-CAT constructs were provided by Dr KK Lueders. 26 inheritance of another gIL3 gene did not readily abrogate IL-3 dependency. Moreover, addition of a LS-IAP-LTR to the gIL3 to cytokine-independent cells, as the pools of transfected cells (presented in Figure 1 ). The MoMuLV-LTR and TCR␦ enhancer gene resulted in some factor-independent cells but again at a relatively low frequency (8%) (Figure 1 ).
were better in inducing cytokine-independent growth than the PC-IAP-LTRs, which in turn were more effective than the LSWhen the PC-IAP-LTR modified gIL3 gene constructs were introduced into FL5.12 cells, a four-fold higher transforming IAP-LTR. Thus it is unlikely that there were only rare transfected cells which had inherited multiple copies of the IL-3 frequency was observed as compared with LS-IAP-LTR modified gIL3 gene (34 vs 8%, Figure 1 ). The two types of PC-IAPtransgenes or peculiar integration fragments which gave rise to all the cytokine-independent cells. LTRs (PCI-IAP-LTR and PCII-IAP-LTR) differ primarily in DNA sequences contained in the Enh2 domains of the U3 region. 26 However, these two types of PC-IAP-LTRs had similar effects on abrogating the cytokine dependency of IL-3-dependent IL-3 mRNA expression in the transfected cells cells when ligated to the gIL3 gene (Figure 1 ). Thus both PC-IAP-LTRs activated IL-3 expression better than the LS-IAP-LTR.
To determine whether the recovery of factor-independent cells correlated with the amount of IL-3 mRNA transcripts which The MoMuLV-LTR-modified gIL3 gene was also more effective in transforming factor-dependent cells than the LS-IAPaccumulated in the cells, Northern blot analysis was performed ( Figure 3 ). mRNAs were extracted from pools selected in LTR, as eight-fold more factor-independent cells were recovered (Figure 1 ). The TCR␦ enhancer, which has similar tran-IL-3-and G418-containing medium and there was no prior selection for factor-independent growth. IL-3 mRNA transcription factor binding motifs as MoMuLV-LTR, 75 was also eight-fold more effective in inducing factor-independence scripts were not detected in the parental FL5. Addition of transcriptional enhancers did not alter IL-3 mRNA stability Isolation of IL-3-independent subclones from clones transfected with the LTR-modified gIL3 genes To determine whether the addition of different transcriptional enhancers had any effects on IL-3 mRNA stability, the IL-3 To determine whether factor-independent subclones could be isolated from individual clones that were first isolated in the mRNA half-lives in some IL-3-independent clones were examined by ribonuclease protection assays (Figure 4 ). mRNAs presence of IL-3 and G418, limiting dilution experiments were performed. The cells were plated at different cell concenwere isolated from the transfected cells that had been incubated with the transcriptional inhibitor actinomycin D. As trations in the presence and absence of exogenous IL-3. These clones had been isolated in the presence of IL-3 and G418 as shown in Figure 4 , the IL-3 mRNAs in the transfected cells exhibited short half-lives (t. = 0.5 to 1 h), similar to the halfdescribed in Figure 1 , and there had been no selection for factor-independent growth. The cloning efficiencies obtained life of wild-type germline IL-3 mRNA documented earlier. 62, 66 In contrast, the ␤-actin mRNAs had long half-lives (Ͼ8 h). with the individual clones that were obtained after transfection with a given transgene (n = 3 to 6 for each type of transThese results indicated that the manipulations of the gIL3 gene by adding enhancer elements did not affect the IL-3 mRNA fected clone) were similar and have been combined in Figure  2 to present data containing means and standard deviations.
stability. Factor-independent subclones were isolated rarely from the gIL3 + LS-IAP-LTR gene transfected cells as they were only recovered when у1000 cells/well were plated (Figure 2a) . In IL-3 mRNA transcription rates were increased in cells transfected with gIL3 + LTRs contrast, IL-3-independent subclones were isolated much more frequently from the clones which inherited the gIL3 gene plus either the MoMuLV-LTR or the TCR␦ enhancer ( Figure  To determine whether the transcription rate of the IL-3 gene was increased in the stable transfectants which inherited the 2b and data not presented). The gIL3 + MoMuLV clones had a nearly equal plating efficiency when grown in the presence modified IL-3 genes, nuclear run-on assays were performed. The levels of IL-3 transcripts were quantified by Phosphorand absence of exogenous IL-3, indicating that essentially every transfected cell gave rise to a factor-independent subImager scanning. As shown in Figure 5 , no IL-3 transcription was detected in the parental IL-3-dependent FL5.12 cells (lane clone. Factor-independent subclones were isolated less frequently from clones transfected with the gIL3 + PC-IAP-LTR 1). Similar levels of IL-3 nascent transcription were detected in IL-3-dependent gIL-3 transfected cells (data not presented). construct as only one in 90 cells would give rise to a subclone that would proliferate in the absence of exogenous IL-3 (Figure The LS-IAP-LTR modified gIL3 gene transfected cells exhibited increased levels of IL-3 transcription rate (an average of four2c and d). Factor-independent subclones were essentially not isolated from the transfected cells containing the gIL3 plus fold higher than the base line observed with FL5.12 cells, lanes 2 and 3). As a negative control, the transcription rate of human retroviral LTRs genes (data not presented).
These results indicate that the individual clones recovered MGF (macrophage growth factor, also known as c-kit ligand) was examined and no transcription of this gene was observed after transfection with the LTR modified gIL3 genes displayed similar growth properties, in terms of the ability to give rise in the cell lines ( Figure 5 ). As a positive control, the levels of at similar levels in all the cell lines ( Figure 5 ). Thus the addition of the IAP-LTR to the gIL3 gene specifically increased the IL-3 mRNA transcription rate. Supernatants were isolated from these cultures and tested for cytokine bioactivity with IL-3/GM-CSF dependent FDC-P1 cells ( Figure 6 ).
IL-3 mRNA transcription results in growth factor secretion
The highest levels of growth factor activity were detected in the cells transfected with the gIL3 gene plus either the MoMuLV-LTR or the TCR␦ enhancer. This level of IL-3 To determine whether the IL-3 mRNA expression led to functional IL-3 protein, the presence of the IL-3 protein was anasecretion is designated ++++ or 100% (see legend to Table 1 ). This was confirmed to be IL-3 by neutralization experiments lyzed in the different transfected cells. The same pools were used in these experiments as in the Northern blot analyses.
with monoclonal antibodies (MoAb) to murine IL-3 and GM-CSF. The pools of IL-3-transfected cells were first cultured in the presence of exogenous IL-3 at a concentration of 1 × 10 6
The level of cytokine activity detected in the cells which inherited the PCI-IAP-LTR modified IL-3 gene was also high, cells/ml, washed with PBS to remove exogenous IL-3, and cultured in DMEM without exogenous IL-3 for another 24 h. but lower than that recovered from cells transfected with the or + depending on the amount detected in individual clones or subclones (see Figure 7) . Finally, no growth factor activity was observed in the cells transfected with the gIL3 gene plus HIV, HTLV-I, or HTLV-II LTRs ( Figure 6 and data not presented). IL-3 secretion was also examined in some factor-independent clones, which were isolated in the absence of exogenous IL-3. High levels of cytokine activities were observed in factor-independent cells transfected with the gIL3 gene plus MoMuLV-LTR. In contrast, the LS-IAP-LTR-modified
Figure 6
Growth factor activity in modified IL-3 gene transfected cells. Stable transfectants, which were isolated in IL-3 + G418-containing medium, were grown in the presence of IL-3 to a concentration of 1 × 10 6 cells/ml, then washed with PBS and plated in DMEM + BCS growth media. After another 24 h, the supernatants from the cells were isolated and clarified. Serial three-fold dilutions of the extracts were incubated with factor-dependent FDC-P1 cells for 24 h before the pulse of [ 
Figure 7
Growth factor activity in factor-independent subclones.
gIL3 plus either the MoMuLV-LTR or the TCR␦ enhancer. This ( Figure 6 ). This level of IL-3 secretion is designated either ++ Figure 7 . In this particular experiment, the levels of [ 3 H]-thymidine uptake HTLV-I-LTR, and HTLV-II-LTR-CAT constructs all exhibited about two-fold more CAT activity than the negative control were higher than in the previous experiment. These experiments were performed on different days with different batches (lanes 4, 7 and 8), but were still quite low. In contrast, the PCI-IAP-LTR and PCII-IAP-LTR-CAT constructs exhibited of FDC-P1 cells. However, the qualitative differences between the levels of IL-3 present in the different LTR transfected cells higher levels of CAT activity (lanes 5 and 6), which were about four-fold higher than that observed with the LS-IAP-LTRis still comparable within the individual experiments. These results indicate that IL-3 was secreted in all the IL-3-inde-CAT construct. The TCR␣ enhancer was used in these experiments as a positive control since it has similar transcription pendent clones. However, the level of IL-3 secretion was related to which LTR was ligated to the gIL3 gene.
factor binding sites as the TCR␦ enhancer and the MoMuLV LTR enhancers. 74, 75 The TCR␣-CAT construct transfected cells These results indicated the rank order for IL-3 bioactivity in different transfectants: TCR␦ enhancer Ϸ MoMuLV-LTR Ͼ PCalso showed high CAT activity which was approximately fivefold higher than the LS-IAP-LTR (lane 9). Thus these different IAP-LTRs LS-IAP-LTR HIV-LTR Ϸ HTLV-LTRs, which is consistent with the abilities to abrogate cytokine dependency LTRs and enhancers displayed varying abilities to stimulate CAT expression in transient transfection assays as well as ILand the levels of steady-state IL-3 mRNA detected in transfected cells containing these enhancer-modified IL-3 genes.
3 transcription in stably transformed cells.
Differential tumorigenicity of transfected cells Transcription stimulating activities of different retroviral LTRs
To determine whether the transfected cells which contained the modified IL-3 genes were tumorigenic, the cells were To determine directly the transcription stimulating effects of the different enhancer elements in IL-3-dependent hematopoiinjected into immunocompromised nude mice. As shown in Table 1 , the factor-dependent parental cells (FL5.12) and etic cells, CAT assays were performed (Figure 8 ). Different enhancer-CAT reporter constructs were transiently transfected clones which were isolated in the presence of IL-3 and G418 (FL-gIL3-IAP-LTR 5′→3′C1, C2, C3, and FL-gIL3-IAP-LTR into FL5.12 cells. Cell extracts were isolated from these cells and CAT activities determined. In the mock-transfected cells 3′→5′ C1, C2) were not tumorigenic, as no tumors were detected up to 20 weeks. and the cells transfected with the negative control construct pSV0CAT, the CAT activities were low and considered to be
The tumorigenicity of some IL-3-dependent and independent subclones were examined. These subclones were isothe basal levels (lanes 1 and 2) . The positive control pSV2CAT lated by limiting dilution experiments from stably transfected clones as shown in Figure 2 . For example, the FL-gIL3-LS-IAP-LTR 5′→3′ C1.1 and C1.2 are two IL-3-independent subclones isolated from the FL-gIL3-LS-IAP-LTR 5′→3′ C1 clone by limiting dilution. The subclones which were examined for their tumorigenicity were divided into different classes depending on the level of IL-3 secretion (see legend to Table 1 ). The levels of IL-3 secretion in the factor-independent cells were determined as described in Figure 7 . The factor-dependent subclones (FL-gIL3-LS-IAP-LTR 5′→3′ C2.1, C2.2, C3.1 and C3.2) were not tumorigenic. The factorindependent subclones which secreted low levels of IL-3 (designated IL-3 secretion class +, (FL-gIL3-LS-IAP-LTR 5′→3′ C2.3, FL-gIL3-LS-IAP-LTR 3′→5′ C2.1, C2.2 and C2.3) did not form tumors upon injection into mice.
The factor-independent subclones which secreted higher levels of IL-3 (designated IL-3 secretion class ++, FL-gIL3-LS-IAP-LTR 5′→3′ C1.1, C1.2, C2.4 and C3.3, and FL-gIL3-LS-IAP-LTR 3′→5′ C1.1) were tumorigenic. Moreover, factorindependent cells which secrete high amounts of IL-3 (eg FLgIL3 + MoMuLV-LTR3′→5′c1.1) rapidly induced tumors upon injection into immunocompromised mice (data not presented). Overall, these results indicated that the tumorigenicity of autocrine factor-independent cells corresponded positively with the amount of IL-3 they secreted.
Figure 8
Transcriptional activity of different LTRs detected in FL5.12 cells. Twenty micrograms of each CAT-containing plasmid and 4 g of CMV ␤-galactosidase plasmid were transfected into FL5.12 cells, cell extracts were isolated 48 h later, and CAT assays were perInheritance of the IL-3 transgene in the factorformed on each cell extract. The results for CAT activities were norindependent subclones malized to the levels of ␤-galactosidase enzymatic activity detected. Cell extracts were isolated from cells transfected with the following To determine whether the factor-independent subclones conconstructs: (1) Mock; (2) pSV0CAT; (3) pSV2CAT; (4) LS-IAP-LTR-CAT; tained the same IL-3 transgene integration fragments as the (5) PCI-IAP-LTR-CAT; (6) PCII-IAP-LTR-CAT; (7) HTLV-I-LTR-CAT; (8) parental IL-3-dependent clone from which they were derived, HTLV-II-LTR-CAT; (9) TCR␣-CAT. The analysis for each construct was performed three times. Standard deviations are indicated by error bars.
the structure of the IL-3 locus was examined by Southern blot-ting. The factor-independent subclones all contained the same integration fragments as the parental factor-dependent clone ( Figure 9 ). There did not appear to be any gene rearrangements or amplifications of the IL-3 transgene in these subclones. Similar results were observed in four other clone/subclone families (data not presented). Factor-independent cells were recovered from some tumors and grown in culture. These contained the same IL-3 integration fragments as the parental IL-3-dependent clones (data not presented). Thus abrogation of IL-3 dependency in the factorindependent subclones did not appear to be the result of a gross modification of the IL-3 transgene. To determine the mechanism responsible for the increase in IL-3 expression in the factor-independent subclones, the rate of IL-3 nascent transcription was compared in the factordependent clones and the factor-independent subclones. A low level of IL-3 nascent transcription in the IL-3-dependent FL-gIL3-LS-IAP-LTR 3′→5′C1 was observed (lane 1). The transcription rate of the IL-3 gene was increased about 2-5-fold in the factor-independent subclones (lanes 2 and 3) ( Figure  10 ). Nascent RNA transcripts encoding c-myc were detected in IL-3-dependent and IL-3-independent cells. The level of nascent c-myc transcription was higher in the IL-3-dependent clone, probably because it was grown in relatively high levels of exogenous IL-3. In contrast MGF transcripts were not detected in any of the cell lines. The levels of nascent transcription observed when genomic DNA was used as a probe were similar among the different cell lines. Therefore the increase in IL-3 nascent transcription observed in the IL-3-independent subclones was specific and associated with the conversion to growth in the absence of exogenous IL-3. To determine whether the stability of the IL-3 transcripts was altered in the factor-independent subclones, the half-life of the IL-3 mRNA was examined by Northern blot analysis ( Figure 11 ). The half-life of the IL-3 mRNA was roughly . h,
Figure 9
Structure of the IL-3 transgene in an IL-3-dependent clone and IL-3-independent derivative subclones. DNAs were isolated and cleaved with the restriction enzyme BamHI, and Southern blot analysis was performed with an IL-3 cDNA probe. DNAs were pre- similar to that observed previously in Figure 4 . Thus the a greater ability of PC-IAP-LTRs to stimulate gene transcription than the LS-IAP-LTR, which is consistent with the results increase in IL-3 expression in the factor-independent subclones was due to a transcriptional mechanism and did not observed with the transformation to cytokine-independence. The PC-IAP-LTRs differ considerably from the LS-IAP-LTR in appear to result from a post-transcriptional mechanism or rearrangement of the IL-3 transgene.
the DNA sequences contained in the Enh1, Enh2, ATF/CRE, and TATA sites as well as the DNA sequences surrounding the TATA site. 14, 24, 26 Plasmacytoma IAP-LTRs contain a typical ATF sequence, while the normal lymphocytes IAP-LTRs conDiscussion tain an altered ATF sequence. 14, 24, 26 The LTRs present in LSIAPs were relatively weak in stimulating sufficient IL-3 In the present study, we have investigated the effects of certain LTRs on activating the transcription of a germline IL-3 gene.
expression and LS-IAPs transpositions may only transform hematopoietic cells when they interfere with another regulatIn some cases, addition of the retroviral LTRs to the gIL3 gene led to the autocrine transformation of IL-3-dependent cells.
ory function of the affected gene. In the case of the LS-IAP transposition in the FL-IL3-R cells, the transposition also affecThis is a model for elucidating some of the steps in tumor progression of hematopoietic cells as the factor-dependent ted mRNA stability. When the MoMuLV-LTR was inserted 5′ to the IL-3 procell lines did not induce tumors upon injection into nude mice whereas certain autocrine transformants which secrete IL-3 moter region, it could efficiently transform IL-3-dependent cells to IL-3-independent growth. This is not surprising, since readily did. 62, 66 Inheritance of an additional germline IL-3 gene was not norMoMuLV is a replication-competent exogenous retrovirus, and can cause leukemia by insertional mutagenesis mechmally sufficient to abrogate the cytokine dependency of IL-3-dependent cells. The LS-IAP-LTR contained in endogenous anisms. [79] [80] [81] [82] [83] The MoMuLV-LTR can serve as a cis-acting element to induce gene expression when it is inserted a long IAP retroviral genomes could abrogate the cytokine dependency of FL5.12 cells when linked to a gIL3 gene, but only at distance away from the affected gene. It has been observed to induce evi-1 expression when it is inserted 90 kb away a low frequency. This IAP-LTR did not normally stimulate high levels of IL-3 expression in transfected FL5.12 cells. Moreover, from the evi-1 gene locus in certain hematopoietic cell lines.
84
Moreover, a MoMuLV-LTR can induce c-myc expression in T it did not induce high levels of transcription in transient CAT assays. Thus this IAP-LTR was relatively weak in stimulating cell lymphomas when it was inserted 30 to 270 kb away from c-myc locus.
85 sufficient IL-3 expression to induce autocrine transformation. Rare factor-independent subclones could be recovered from The effects of the MoMuLV-LTR on the transcription rate of the IL-3 gene may be complex. Recent studies have shown factor-dependent gIL3-LS-IAP-LTR transfected cells. These subclones expressed relatively low levels of IL-3. However that the MoMuLV-LTR also encodes a trans-activator which induces the transcription and expression of the class I major certain subclones which expressed higher levels of IL-3 could induce tumors in immunocompromised mice whereas the histocompatibility locus as well as certain cytokine genes.
86-88
These genes often have Ap-1 sites in their promoter regions cytokine-dependent clones from which they were derived did not. A transcriptional mechanism was responsible for the ILand the MoMuLV-LTR increases cellular Ap-1 DNA binding activity. [86] [87] [88] The IL-3 gene has an Ap-1 site in its promoter 3 expression in the factor-independent subclones as the transcription rate of the IL-3 gene was increased. A post-transcripregion. 89 Hence, the MoMuLV-LTR could stimulate IL-3 expression by inducing Ap-1 activity. In addition, the tional mechanism was ruled out since the cells expressed IL-3 mRNA with a normal half-life. There did not appear to be MoMuLV-LTR also contains transcription factor binding sites for the c-Ets proto-oncogene and a core site that binds the any rearrangement of the IL-3 gene in these cells and the structure of other genes associated with signal transduction in polyoma virus enhancer-binding protein 2. [86] [87] [88] These may be some of the important reasons why the MoMuLV LTR was one these cells appeared normal (eg IL-3R␣, IL-3R␤, Jak2, Stat-5, data not presented). The mechanism which results in the of the strongest enhancers with regard to abrogation of growth factor dependency of IL-3-dependent hematopoietic cells. increase in transcription is unknown. It could be due to subtle point mutations in the IAP-LTR or IL-3 promoter region. AlterThe TCR␦ enhancer, when ligated to the gIL3 gene, could also induce autocrine transformation of IL-3-dependent natively there could be subtle mutations in oncogenes or other genes involved in signal transduction and the prevention of FL5.12 cells. The TCR␦ gene is located within the TCR␣ locus, and has its own enhancer element (TCR␦ enhancer). 64, [90] [91] [92] [93] [94] apoptosis. Additional experiments need to be performed to identify whether there are mutations which can be correlated The core binding site within the TCR␦ enhancer, which is required for its transcription induction effect, shares similar with the conversion to IL-3 expression and tumorigenicity.
In contrast, the PC-IAP-LTRs, when linked to a gIL3 gene, nucleotide sequence as the MoMuLV-LTR, and binds the same nuclear factors. 74, [91] [92] [93] Translocations involving TCR␦ chain could transform cells to factor-independent growth at higher frequencies than that observed with the gIL3 + LS-IAP-LTR are found frequently in certain leukemias, which result in abnormal activation of adjacent genes. [76] [77] [78] transgene. LS-IAPs are normally expressed in lipopolysaccharide-stimulated normal B cells, while PC-IAPs are expressed Factor-independent cells were very infrequently recovered after transfection of IL-3-dependent cells with the gIL3 conin tumor cells. 14, 26 Transpositions of PC-IAPs normally affect the expression of the adjacent genes more profoundly than taining the HIV, and HTLV LTRs. These results indicated that these human retroviral cis-acting elements are not sufficient LS-IAPs. For example, in WEHI-3B cells, the transposed PCI-IAP in the 5′ untranslated region of IL-3 gene resulted in a for transforming murine IL-3-dependent cells. This is consistent with previous observations which indicated that retrovirhigh level of IL-3 expression. 11 Likewise, in the mast cell line PB-3c, the transposed PCI-IAP also led to a high level of IL-3 ally encoded proteins, such as Tax, Rex, Tat, Nef, and Rev, play important roles in cell transformation and pathogenesis expression. 12 In contrast, the transposition of a LS-IAP to the vicinity of IL-3 gene in FL-IL3-R cells only generated a moderinduced by these human retroviruses. 99 The transgenic mice which had the level of IAP expression in this cell line when compared to the FL5.12 line (data not presented). These events may result in retrovirus containing MoMuLV/HIV chimeric LTR expressed higher levels of virus than transgenic mice containing wildthe enhanced tumorigenicity of WEHI-3B cells. However, the primary event responsible for initiating the expression and type HIV. 99 The MoMuLV/HIV chimeric LTR mice came down with disease faster than the wild-type HIV transgenic mice. It transposition of the PC-IAPs is unknown. Additional events such as disruption of mRNA stability appeared that the tissue specificities of the wild-type and chimeric LTRs in the mice were similar, with the possible sequences 13, 62, 66 may be necessary for LS-IAPs to transform cells. This is the case of the LS-IAP transposition in the FL-IL3-exception of lymphoid cells. This may be related to the different tropisms of the two viruses. The HIV-LTR which contains R cells, as the IAP transposition also affected mRNA stability. 13 These autocrine-transformed cell lines proliferated in the the NF-B-binding sites may promote more expression in macrophage cells, 99 whereas the MoMuLV/HIV chimeric LTR absence of exogenous IL-3 to a maximal cell density that was decreased compared with either the parental or v-abl-transformay induce more transcription in lymphoid cells.
It may be difficult to define precisely the nature of which med cells. 100, 101 The v-abl oncoprotein transformed FL5.12 cells by a nonautocrine mechanism. 60 The expression of the enhancer sequences are important for gene expression since they may vary in cells of different lineages or differentiation IL-3R␣ and IL-3R␤ chain genes was also examined in these cells. 100, 101 The expression of both the IL-3R␣ and ␤ chains states. For example, certain cells may or may not express the NF-B, c-Ets, Ap-1, c-Myb, or other transcription factors.
was increased in the autocrine transformants when compared with the parental cell line. [100] [101] [102] Thus in the autocrine-transEnhancer sequences which are important for LTR function in macrophage cells may not be that critical for LTR function in formed FL-IL3-R line, there was an additional change involved in the abrogation of cytokine dependency which was an uplymphoid cells. There may also be functional redundancies, as certain enhancer binding sites may be occupied in some regulation of cognate receptor gene expression. IAP proviral transpositions into the regulatory regions of types of cells but not others. Additional sites may be occupied in other cells which results in either activation or inactivation.
cytokine genes have been documented and speculated to be involved in oncogenesis. [11] [12] [13] [17] [18] [19] 102 However, in most cases A more prudent way to examine the effects of different enhancers on gene expression in a particular model system is the studies ceased at this point, since the parental cells lacking the particular IAP transposition were not available. Our studto transfect the cells with a relevant target gene and different enhancer elements. This is what has been presented in our ies directly demonstrate the important effects that IAP transpositions can have on induction of gene transcription. These cell studies. We have examined the ability of various viral and cellular LTRs to stimulate IL-3 gene expression in lymphoid lines provide a model to determine how the aberrant expression of cytokine genes can result in leukemogenesis. IL-3-dependent cells. Similar studies comparing the efficiencies of autocrine transformation induced by LS-IAP, PC-IAP, MoMuLV and human retroviral LTRs in lymphoid cells have not been published previously. Acknowledgements Overall, our results indicated that the LS-IAP-LTR is much weaker than either the PC-IAP-LTR, MoMuLV-LTR and TCR␦ We appreciate the intellectual and technical assistance of PA enhancer in inducing sufficient IL-3 transcription for autocrine Algate, PE Hoyle, MW Mayo, KD Prevost, and LS Steelman. transformation. While these studies do not pinpoint the preWe thank the following investigators for their gifts of plasmid cise sequences in the different LTRs which are important with DNAs: Drs MD Cole, MS Krangel, KK Lueders, S Lyman, K regard to abrogation of cytokine dependency, they do provide Shimotohno and I Young. This work was supported in part by a guide to the differences between the LTRs which are a grant (R01CA51025) from the National Institutes of Health important with regard to how IAPs and exogenous retroviruses to JAM. can cause insertional activation of cytokine genes and lead to autocrine transformation of IL-3-dependent hematopoietic cells.
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